The dependence of bilinear and biquadratic interlayer coupling on the thickness of magnetic films is analysed for a trilayer structure with specular reflection at the outer surfaces. It is shown that the oscillation periods corresponding to the case where the thickness of one of the two magnetic films is constant, while that of the second one is varied, can be different from the oscillation periods in the case where the thicknesses of both magnetic films vary simultaneously. The nonoscillatory component of the coupling parameter is shown to be weakly dependent on the thickness of the magnetic films.
Most experimental data on the interlayer coupling in magnetic multilayers can be explained by assuming the coupling energy Ec in the form Ec = -J1 cos φ -J2 cos2φ,
where φ is an angle between the magnetizations of the ferromagnetic films and J1 and J2 are the bilinear and biquadratic exchange parameters. The parameter J1 oscillates in sign with increasing spacer thickness with one or more oscillation periods [1] . It also depends on the thickness of the magnetic films [2] [3] [4] [5] . In the latter case J1 consists of two terms, J 1 = JP') + JP°) , where JP') and JP°) are respectively the nonoscillatory and oscillatory components. On the contrary, only negative values of the parameter J2 were reported up to now. There are several physical mechanisms which can contribute to the biquadratic coupling [6] . In this paper, however, only the intrinsic mechanism [7] will be considered. The oscillatory coupling is a result of spin dependent interference of electron waves reflected from interfaces and surfaces. Therefore, the coupling parameter depends significantly on the boundary conditions at the outer surfaces of the magnetic films. In this paper we consider the case where the electrons are specularly reflected at those surfaces. When considering the dependence of the coupling parameter on the thickness of the magnetic films in a sandwich structure, one has to distinguish between the case where the thickness of one of the two magnetic films (257) is constant while the thickness of the second one is varied (i), and the case where both magnetic films have equal thicknesses which vary simultaneously (ii).
Consider two magnetic films of thicknesses d 1 and d2 , which are separated by a nonmagnetic metallic film of thickness d 0 . The coupling parameters J1 and J2 can be calculated from the formulas where E||, E|| and E1 are the total energies per unit area respectively in the antiparallel, parallel and perpendicular configurations of the film magnetizations. Assuming free-electron-like model one can easily calculate them from solutions of the appropriate Schrödinger equation with an effective spin dependent electron potential Us (z). In the spacer layer this potential is independent of the spin orientation, Us (z) = U0, whereas inside the magnetic films Us (z) = U+ , if s corresponds to the spin-majority electrons and Us (z) = U_ otherwise. The Fermi level will be adjusted in such a way that the total number of electrons is the same as in the bulk limit corresponding to the chemical potential p. A more general description within the jellium model [8] will be presented elsewhere.
The dependence of the coupling parameter J1 on the thickness of the magnetic films is shown in Fig. 1 . The left column corresponds to the situation when the thickness of one of the magnetic films (d1) is fixed, while the thickness of the second magnetic film (d2) is varied (case (i)), whereas the right column corresponds to the case where both magnetic films have equal thicknesses, d1 = d 2 (case (ii)). In the strong coupling limit (Figs. la and le) the corresponding curves are qualitatively similar and in both cases the parameter J1 consists of nonoscillatory and oscillatory parts. The nonoscillatory terms are generally thickness dependent, while the oscillatory components vary with increasing thickness of the magnetic films with the oscillation period Λ + = λF+/2.
Consider now what happens when U_ decreases, so both electron spin--subbands in the magnetic films are occupied. Two qualitatively new features appear now in the dependence of the parameter J1 on the thickness of the magnetic films. The first one is the occurrence of an additional oscillation period, which originates from the spin-minority electron band. This is clearly evident in . Here λF+ and λF-are the Fermi wavelengths respectively for the spin--majority and spin-minority electrons. For the parameters assumed in Fig. lc one finds Λ+ = 3.06 Å and Λ_ = 2Λ+ = 6.12 Å. The second new feature is a split of each maximum in the case (ii) into two separate maxima (see Fig. 1f ). The dips between those maxima increase with decreasing U_, and for small values of ΔU = U_ -U+ , one observes a split of the corresponding oscillation period, as it is clearly evident in Fig. 1h .
Similar features also occur in the dependence of the parameter J2 on the thickness of the magnetic films, as shown by the solid lines in Figs. 2a and 2b , respectively for the case (i) and (ii). For comparison, the parameter J1 is also shown there (dotted lines). One additional feature of the biquadratic coupling is noteworthy. For asymmetrical structures the points where J2 vanishes do not coincide generally with the nodes of J1.
It is necessary to emphasize that the above predictions apply to trilayers with specularly reflecting outer boundaries and with the electron mean free path much longer than the total thickness of the structure.
